the structure was analysed by means of the optical microscope. The increase in the value of storage modulus versus temperature and vibration frequency for the samples with addition of filler and the increase in the crystallinity degree and polymer matrix with reduced addition of fly ash were observed. A reduction in size of the structural components was also found, particularly for the composites with filler content.
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Introducion
Properties of polymers depend on structural factors and conditions of their use. The structural factors include molecular weight, chemical structure of the macromolecules, physical structure of the chain, crystallinity, molecular orientation and presence of additional components. Furthermore, functional conditions are temperature, load time, pressure, type of deformations etc. [1] [2] [3] [4] [5] [6] [7] . Properties of polymeric materials can be modified through adding various types of fillers. Type and properties of filler and polymer matrix determine properties of the composite. The research carried out to date allowed for development and introduction for manufacturing of composites with very good strength and thermal properties [1] [2] [3] [4] [5] [6] . The paper presents the results of examinations of the polyamide modified with fly ash coming from combustion of biomass in the fluidized-bed furnace. Polyamide is a thermoplastic material which is partially crystalline. It is characterized by high hardness, good dimensional stability and improved machinability. This material has been used in many various industries. Polyamide is used for production of cogwheels, rolls and other parts of machines and equipment, also for the automotive industry [2, [7] [8] [9] . Application of filler in the form of fly ash induces changes in functional properties of polyamide. The main purposes of modification of polyamide with fly ash was to improve capability of mechanical vibration damping, improve chemical resistance, dimensional stability, stiffness and changes in many other thermomechanical and functional properties that allow for wider application of the material obtained. Predicting properties and conditions of the use play an important role in planning the composition and preparation of polymeric products [1, [10] [11] [12] [13] [14] [15] [16] [17] .
This study presents the results of examinations of the effect of addition of fly ash from combustion of biomass in fluidized-bed furnace (which presently is not used and is entirely deposited in the landfill) on the structure and thermal properties of the specimens made of polyamide 6. The examinations involved thermal analysis (DSC), examination of dynamic properties using the DMTA methodology and supramolecular microstructure.
Materials, Apparatus and Methodology of Research
Polyamide 6 with commercial name TARNAMID T-27 manufactured by Zakłady Azotowe Tarnów was used in the study. Fly ash manufactured by GDF Suez Energia Polska S.A. from combustion of biomass containing 80% of waste from wood and 20% of palm kernel shells in the fluidized-bed furnace. Chemical composition (Table 1) of fly ash was determined using X-ray fluorescence spectroscopy (XRF, ARL spectrometer, Advant'XP). Furthermore, sieve analysis of fly ash was performed using the set of sieves with sieve size of 0.2-0.02 mm (Fig. 1) . Mass of the samples was 100 g and the sieving time was 10 min. Bulk density and tap density of fly ash was determined based on PN-EN-23923-1 and PN-EN-23923-2 standards. Bulk density was 0.43 g/cm 3 , whereas tap density was 0.67 g/cm 3 . Examinations of the topography and heterogeneity of fly ash surface ( Fig. 2 ) was performed using scanning electron microscope (SEM) manufactured by LEO Electron Microscopy Ltd., equipped in Quantax 200 X-ray spectrometer (EDX) with detector XFlash 4010.
Polyamide before processing was dried in the ZEL-MET with the heating chamber kc-100/200 at the temperature of 80 °C by 12 h. Fly ash were covered by silane preparation. The composites were obtained using the extrusion method. Specimens for the tests were injected by means of KRAUSS MAFFEI KM65-160C1 injection molding machine with the feed screw with the diameter The examinations of thermal properties by means of DSC method were performed using NETZSCH PC 200 scanning microcalorimeter. The DSC curves were recorded during heating of the specimens with the rate of 10 °C/ min within the range of temperature from 40 to 250 °C. In order to minimize the skin-core effect, preparations for DSC examinations were cut out perpendicularly to the direction of flow from the samples obtained using the injection moulding method. Evaluation of the crystallinity degree was based on the software in the PC 200 NETZSCH device. This software allowed for examination of the profile of specimen melting at the given temperature range and determination of the surface area between the thermographic curve and the basic line in the range of endothermic reflex. The mass of specimens ranged from 6 to 11 mg. The specimens were weighted by means of the SARTO-RIUS scales with precision of 0.01 mg, internal calibration option and closed weighing space.
Degree of crystallinity of the composites was calculated from the relationship:
where ΔH m is the enthalpy of fusion for the material examined, ΔH k is the enthalpy of fusion for the entirely crystalline material, w c is the mass fraction of homopolymer added to the composite studied [12] .
The microstructure was observed using the Nikon ECLIPSE E 200 optical microscope. The specimen's
thickness ranged from 12 to 16 μm, cut out using the Thermo ELECTRON CORPORATION microtome from the core of the specimens used for DSC examinations. The examinations of dynamic mechanical properties were performed using NETZSCH DMA 242 device with a holder for three-point free bending of the specimen in the form of a beam with dimensions of 50 × 10 × 4 mm (see Fig. 3 ).
The specimens in the holder were subjected to sinusoidal force with the frequency of 1 and 10 Hz with constant amplitude while heating the samples at the rate of 2 °C/ min from −100 to 160 °C. The value of the storage modulus E′, loss modulus E″ and mechanical loss coefficient tgδ were calculated based on the values of forces and strain with regard to the dimensions of the specimens. The results were presented in the form of a chart for changes in storage modulus E′ and the angle of mechanical loss tgδ versus temperature. Table 2 presents values determined based on the recorded DSC thermographic curves.
After addition of the filler in the form of fly ash, value of energy absorbed by the sample was increasing. The changes in the value of the enthalpy of fusion and mean value of melting temperature of crystallites were recorded. With respect to the percentage content of filler based on the recorded enthalpy of fusion, the values of crystallinity degree was calculated from the relationship (1).
The highest value of the crystallinity degree was recorded for the specimens with 5% content of fly ash. The increase in the content of filler resulted in the decrease in enthalpy of fusion and the range of melting temperature for the crystalline phase was narrowed. Furthermore, the maximal melting temperature was insignificantly changed.
These changes reflect the reinforcing role of the filler particles contained in PA6. These data may also point to the increased capability of composites with lower content of filler to crystallize.
The increase in the crystalline phase recorded for the specimens made of polyamide 6 with 5% of filler was likely to be caused by formation of heterogenic centres of nucleating around filler while cooling in injection mold. With greater content of filler, the reduced nucleation causes the opportunities for further growth of the crystalline phase of the polymer matrix. Some fillers introduced to semicrystalline polymer increase the crystalline temperature in the matrix and lead to the reduction in the crystallites' size and lower content of the crystalline phase while performing the role of a nucleating factor, on which heterogeneous crystallization nuclei are formed. This might cause the increase in hardness and mechanical strength and improvement in dynamic properties of the composite with 5% content of filler, which was supported by the results of the DMTA examinations.
In the case of heterogeneous nucleation that occurs during phase transition, the most privileged locations of nucleation are aggregates or individual fragments of the filler, which was also demonstrated by the results of microstructural examinations. Compared to other semicrystalline materials, the structure of polyamide 6 is characterized by fine grains [9, 12] , with spherulites. With noticeable shapes but small dimensions (see Fig. 6a ). The examinations of the structure of polyamide 6 composites by means of optical microscope revealed fragmentation of the crystalline structure (Fig. 6b-d) . The structure is the most noticeable and organized for polyamide 6. With addition of the filler, polyamide structure changes and a reduction in structural components was observed, particularly in the case of greater filler content. Figure 7 illustrates changes in the function of temperature of storage modulus E′ and coefficient of mechanical loss for the composites obtained depending on the filler content. In each case, the first reduction in E′ value corresponds to relaxation processes. The increase in the temperature leads to the second, substantial reduction in storage modulus that corresponds to the process of relaxation of amorphous regions of PA6. Within the range of temperature above vitrification temperature Tg, corresponding to the transition from the vitreous into the highly-plastic state, a flat profile zone can be observed for the curves. In the area of temperatures below vitrification temperature, the composite is in the vitreous state and it is hard and brittle. In the vitreous area, thermal energy is insufficient to overcome the potential barrier for transition and rotational movements of the molecule segments. The system remains in the state of non-equilibrium thermodynamics. The increase in the temperature leads to a reduction in the value of module for composites. The material is in the area of vitrification transition, where loss tangent reaches maximum values in the vitrification area for the set frequency of deformation of 1 and 10 Hz. In the area of vitrification transition Brownian motion is initiated in the molecular chain. Thermal energy becomes comparable with the barrier of potential energy for chain rotation. Near the temperature of vitrification transition, viscoelastic properties change very fast with time and the changing temperature.
In the studied range of temperature (from −150 to 160 °C), values E′ for the composites containing fly ash from biomass were significantly higher than the values of E′ for PA6 without filler. The profile of changes in storage modulus versus temperature is similar for both frequencies studied (1 and 10 Hz). Storage modulus for the sample containing 5 wt% of filler at temperature of 25 °C is 4234 MPa and is by 60% higher than E′ for polyamide 6. Therefore, the amorphous phase of the composite with 5 wt% of filler shows the strongest reinforcement with the particles of fly ash from biomass, which demonstrates higher degree of dispersion of filler in the specimen compared to other composites. It should be emphasized that the composites containing 10 and 15 wt% of filler are characterized by similar and greater value of E′ over the whole temperature range compared to non-filled polymer. Therefore, particles of filler have a substantial reinforcing effect on the material for all compositions studied. The temperature and intensity of relaxation has an effect on the crystallites' size. The higher the temperature and higher relaxation intensity, the greater crystallites' size. These changes are usually accompanied by the increase in the crystallinity degree [17] . Addition of fly ash causes a shift in maximum of mechanical loss angle towards higher temperatures and reduces with the shift towards lower temperatures with the increase in the content of fly ash from biomass. These shifts in peaks result from the increasing stabilization of the composites that result from the immobilization of the fragments of PA6 crystallites by the filler particles.
The maximum of the tangent of mechanical loss angle in the range of negative temperatures connected with the movements of chain fragments in the amorphous area or vitrification temperature [17, 18] . Addition of filler leads to the shift in this relaxation towards higher temperature, which suggests immobilization of fragments of PA6 chains by fly ash.
Conclusion
Addition of fly ash from biomass combustion containing over 57% CaO and 17% CaO and substantial amounts of alkaline oxides (4.32%) to polyamide 6 has a beneficial effect on dynamic mechanical and thermal properties of the material. Silane preparation improves compatibility of the polymer matrix and filler. It was found based on the DSC examinations of the composite specimens that crystalline phase of the polymeric matrix was reduced except for the material with lower filler content, whereas the range of melting temperature was not changed substantially. DSC analysis revealed that addition of fly ash from biomass combustion to PA6 causes only insignificant changes in melting temperature. Addition of fly ash from biomass combustion in small amount significantly increased the crystallinity degree and stiffness of composites of polymer with fly ash. It was found that the particles of filler added in the content of 5% have higher reinforcing effect that the particles added with higher amounts.
In the range of filler content studied, the effect of this parameter on the value of phase transition temperatures for the composites of polymer with fly ash is insignificant. This can be explained by the crystalline structure which is limited by filler particles during composite cooling. The effect of greater amount of filler is smaller, which results in lower reinforcing effect of the nanofiller. The composites studied are characterized by better thermomechanical properties compared to PA6 without filler, whereas the composites with the amount of 5% are characterized by higher storage modulus, mainly in the range of temperatures of −100 to 80 °C. The significant effect of filler on the microstructure of the materials studied was also found, with the most substantial changes recorded for the greatest (15%) content of filler.
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